A considerable amount of snowfall was observed on January 20 and February 2, 1964 when the westerly troughs had passed over Japan. This was related to the meso-scale disturbance which developed in the vicinity of the cold dome rather than to the synoptic cyclone in front of the westerly trough.
Introduction
Among synoptic meteorologists, it has been well known that heavy snowfalls in the Hokuriku District (the Japan Sea coastal region of central Japan) is closely related to the cold vortex in the midtroposphere (e.g. FUKUDA, 1960) . A cold vortex is obviously a kind of well-developed westerly trough which is generally associated with the upward motion field and precipitation within the region of a surface cyclone towards the east, as is known theoretically and synoptically. While the principal snowfall in the Japan Sea coastal region is usually observed rather in the central part of an upper cold vortex where downward motion would be expected as to the ordinary atmospheric model. It is thus uggested that the combined effect of the upper cold air and the heating from the very warm sea surface makes the air column unstable when the cold vortex covers the Japan Sea, resulting in a predominant convective activity and probably meso-scale disturbances.
( MATUMOTO et al. 1965) .
In this paper, analyses are made on two cases of snowfall related to the westerly disturbances observed on January 20 and February 2, 1964, when the second year's observation was carried on in the Hokuriku District as a part of the Heavy Snow Storm. Project.
Although it was a year of comparatively less snow coverage, a considerable amount of snowfall was observed for either cases. Since an aerophotographic observation was also made on February 2 (MATSUMOTO and NINOMIYA, 1965a) , analyses on convective clouds were incorporated into meso-analysis.
There have been so many studies on meso-scale disturbances which are characterized by a remarkable jump in pressure and/or temperature and/or wind field. XVI No. 1 FUJITA'S model (1959) of pressure rise due to cold air production associated with rain seems to be applicable to many cases. In the situation which will be described here, however, we could not find any noticeable temperature change, and the gravity wave originating on the cold dome boundary would provide a good understanding. Fig. 1 shows the observation network in the Hokuriku District which was used for the meso-analysis mentioned in Section 3.
Cold vortex and surface disturbances
The analytical fact that cyclones develop in the forward region of westerly troughs is fully explained theoretically by baroclinic instability. As is shown in Fig.  2 , a well-developed cyclone is found about 800 km east of the cold vortex under consideration.
In this figure, the surface pressure field at 1200 LST February 2, 1964 and the cold dome contour on 500 mb (cf. MATSUMOTO and NINOMIYA, 1965b) are shown together with the indication of location of the cyclone.
Besides this synoptic scale cyclone which is considered to be related to baroclinic instability, a smaller scale cyclone is found over the western coast of Japan.
The latter stayed almost at the same locality until the upper cold vortex had passed over Japan, and it could be regarded as a secondary depression caused probably by orographic effect.
It should be remarked that cumulus development and convective precipitation are distributed inside the cold dome as is shown in Fig. 3 . A system of line echo is observed in the vicinity of the cold vortex center and is represented by cross symbols in Fig. 2 . It brought a considerable snowfall amounting to 4 mm/hr on its arrival.
The line of small circles which is also entered in Fig. 2 indicates the minimum pressure of the surface pressure disturbance described in Section 3. In the lowermost part of I Fig. 4 is shown the 3 hourly precipitation at Ono (see Fig.  1 ), which clearly shows two groups of precipitation, one associated with the 1-mrnrlinie instability cyclone and the other caused by static instability in the cold dome center . Generally speaking, the latter plays an important role in the snowfall in the Hokuriku District.
The details of the behavior of line echo which was observed in the cold dome center on February 2 will be discussed elsewhere (MATSUMOTO and NINOMIYA, 1965a) in relation to aerophotographic observations.
Analyses of meso-scale disturbances
There have been many analyses showing that the size and moving velocity of the precipitating area are different from those of synoptic scale phenomena. Now let us look at the structure of pressure and temperature disturbances which are directly related to precipitation.
Meso-analyses
by FUJITA (1955 FUJITA ( , 1959 , OSAWA (1958 OSAWA ( , 1960 , USHIJIMA (1959 ) MIYAZAWA (1961 , SENSHU (1961) and others deal mostly with violent phenomena in which sudden changes of meteorological elements are observed. A sudden pressure rise and temperature drop are easily detected by self-recording observation, and the amount of change is almost comparable to that of synoptic deviations, so that it may be directly used for analysis without applying any operations to observed values. Deviations from 2.5 hrs. running means are given by heavy full line (Aikawa) and broken line (Takada), the scale of which is given on the left.
In Fig. 5 are shown 2. 5 hr running mean pressure at Aikawa (thin solid line), deviation pressures at Aikawa (heavy solid line) and at Takada (broken line) from their 2.5 hr running means.
On the running mean curve, we can point out that the pressure started to rise at 1300 LST February 2 indicating the influence of a continental high and the predominance of semi-diurnal pressure variation.
On the deviation curve, we can find a period of about 3 hrs. and a time lag of about 1 hr. between Aikawa and Takada (see Fig. 1 ).
The filtering effect of 5 terms running mean is shown on Fig. 6 . It is seen from this figure that the amplitude of 3 hrs. period fluctuation (6 terms period) is reduced by 20% for 2.5 hr running mean. Since the amplitude appearing on the deviation curve in of pressure, wind and precipitation during the preceding one hour from 0900 LST January 20 to 0900 LST January 21, 1964. The lower chart shows the deviation from 5 hrs. running mean of the same materials as above. Here again we can see disturbances with a period of 3 hrs. both in pressure field and wind field. On Fig . 8 , readings at every 30 min are entered from 0900 LST to 1800 LST February 2, 1964. The 30 min. precipitation is shown in this figure by broken lines. The characteristic feature of precipitation for both cases is that the principal precipitation took place in the transition between minimum pressure and final pressure rise, Fig. 9 . The divergence of surface wind and precipitation in the area (Aikawa-Niigata-Nagaoka-Takada) of 0.48 x 104 km2. The ordinate for divergence is equal to the estimated precipitation.
The divergence of the surface wind field is shown in Fig. 9 . Aikawa, Niigata, Nagaoka and Takada were selected in the coastal area for divergence computation where it is considered to be free from orographic effect. The area is 0.48 x 104 km', which is one order smaller than that of the aerological network to be used for the discussion of synoptic scale phenomenon.
The precipitation average over 4 stations is also entered in Fig. 9 .
The reason why convergence was obtained throughout this period is probably because the north-westerly monsoon is weakened by the downstream mountain effect. A 3 hrs. period is superposed on this larger scale convergence field. The amplitude of divergence is found from Fig. 9 to be of the order of 10-4 sec'.
is seen that precipitation field changes correspondingly. The relation between precipitation and divergence field of the meso-scale phenomena is studied by many authors, e.g. SYONO et at. (1959) , SENSHU (1961) , MJYAZAWA (1962) and RIKITAKE (1964) . It has been pointed XVI No. 1 out that the divergence of the surface wind field is 2-3 x 10-4 sec-' for the network smaller than 104 km2 and has a good relationship with the amount of precipitation.
The estimation of the amount of precipitation by means of surface wind divergence is much easier in winter than in summer because the water vapor content in winter is small and the major part of it is concentrated in the lowermost part of the troposphere.
As a first approximation, the moisture directly related to precipitation seems to be limited to the layer lower than 700 mb. Furthermore, the lower atmosphere over the Hokuriku District is almost always saturated in winter and thus the specific humidity q does not change very much both in time and space. Under those circumstances, the amount of precipitation is given by -qD4p, where D is the divergence of surface wind and 41) is the depth of layer, since the horizontal divergence of moisture flux 17 vg is approximated by qD and the vertical divergence of moisture flux awqmp vanishes when integrated over zip. Another method of estimating precipitation by using the so-called condensation function F gives similar results.
The ordinate of Fig. 9 is taken to indicate the estimated precipitation. It is seen that the estimated and observed amount of precipitation is about 3 mm/hr at most, which is one order less than that in summer.
Let us now consider the spatial distribution of disturbance having a period of 3 hrs. which is detected by taking deviation from running mean. Fig. 10 shows the deviation field at every 30 min. Displacements of the positive or negative pressure deviation region in one hour are given by double arrows in this figure. The moving velocity of the system is estimated to be 90 km/hr.
The direction of displacement of a large negative deviation region coincides with the principal wind direction.
At the same time, we can also find a small positive deviation region moving parallel to the coastal line. A similar situation is observed in the movement of echo cells which is shown by thinner arrows.
The echo cell in a remarkable line echo (hatched in Fig. 10 ) moved with the movement of the air, but there existed other echo cells moving parallel to the coastal line.
The underlined numbers given to the stations in Fig. 10 show precipitation during the preceding 30 min. It is seen that the maximum precipitation is observed when the line echo indicated by hatches arrived at Takada.
This line echo closely connected with precipitation is located in the intermediate region which follows the negative pressure deviation and precedes positive pressure deviation. SENSHU (1961) and NINO-MIYA (1965) also showed similar analyses.
In FUJITA'S case (1959), on the other hand, the precipitation is found within a high pressure area named "mesa high " which is explained as resulting from cooling caused by evaporation from raindrops. There are many investigations dealing with the same kind of phenomena (e.g. OSAWA, 1958 ; USHIJIMA, 1959) . Most of these cases were observed in summer or warm. season.
Our case, however, falls within the winter season. Because of low temperature and high relative humidity, the cooling effect by evaporation is not considered to be of primary importance. Therefore some other mechanism should be taken into account.
The authors (1965a) studied in detail the structure of the system of line echo and its relation to the aerophotographic observation of clouds and found that the cloud height was more than 5000 m for the higher clouds and about 3000-4000 m on the average over the area under consideration on February 2, 1964. where Cm LIT is the phase velocity.
The rawin-sonde observation at Wajima, 1500 LST Februray 2, clearly shows the existence of a stable layer at about 500 mb level (Fig. 11) where u is the horizontal velocity and iv is the vertical velocity at the top of the lower layer. Eqs. (1) and (2) give the propagation velocity of the gravity wave Eq. (1) is almost equivalent to the divergence equation which is to be used in case of a 2-dimensional problem.
Now let us try to make some quantitative considerations by the aid of (1) , (2) and (3). The hydrostatic relation which is introduced in the right hand side of Eq. (1) gives by which we obtain AH=500 m for the values given above. This shows a possibility of coordinating the aerophotographic knowledge with the physical interpretation of gravity waves.
Comparing the above with FUJITA'S model (1959) and similar ones (OsAwA, 1958 USHIJIMA, 1959 , we find that the amplitude of pressure change for them is two or three times as large as ours. This must be due to a much larger g, caused by larger temperature difference and to a much larger AH.
Next, let us consider the propagation velocity.
Taking into account the fact that D is given by au/ax, Eq. (1) provides us with the amplitude relation between divergence field and pressure field, From Eq. (5) we obtain the wave length Assuming that u=10 m/sec., we then obtain We can also obtain the phase velocity directly from Eq. (3) as follows :
Both of these estimated values are in good agreement with the observed phase velocity of the pressure system. TEPPER (1950) and WAGNER (1962) introduced the concept of gravity wave to the propagation of meso-scale disturbance.
As a matter of fact there are many analyses XVI No. 1 listed in Table 1 showing the same order of propagation velocity as the gravity wave.
The velocity of the internal gravity wave to be expected in a continuous fluid without an intersurface is given by in place of (3) , where op has the value of 800/7r nib in case of the disturbance having the simplest node along •the vertical and 0(9 is the potential temperature difference within the layer of op. Applying the temperature distribution given in Fig. 11 , we obtain which is again quite similar to the value given above.
Finally, the phase relationship will be touched upon briefly.
Figs. 7, 8, 10 indicate that the precipitation is observed in the area between the maximum pressure and the preceding minimum pressure.
Since the precipitation area should evidently coincide with the convergence area, Eq.
(1) requires that there should be a phase difference of 7/2 between pressure field and divergence (precipitation) field. Generally speaking, the phase velocity of gravity wave C is larger than the substantial velocity u(C>u), and, therefore, the convergent area is located ahead of the maximum pressure, which is again in agreement with the observation.
The characteristic features of various meso-scale phenomena which have since been reported will be listed in Table 1 . In many cases, meso-scale disturbances have the character of a solitary wave rather than a periodic wave ; namely some of them are defined as " pressure jump " or " pressure surge ". On such occasions, the amount of pressure rise and the maximum convergence are to be equivalent to twice of A, and AD respectively.
Remarks
The analyses reported in this paper are based on the materials from the Heavy Snow Storm Project observation in 1964. Although the winter of 1964 was an unusually calm one with a relatively small amount of snowfall, the cases studied here seem to contain sufficient information relating to heavy snowfall.
Synoptic studies and aerophotographic studies on the same occasion will be reported elsewhere.
As conclusion to this meso-scale analysis, the physical characters as a gravity wave have been elucidated.
However, gravity waves are originally stable phenomena, and the mechanism of initiation and development should be studied in future.
